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SYNOPSIS j 


Ad  part  of  a  programme  of  studies  of  the  thermodynamic 
properties  of  alloy  systems,  measurements  have  been  made  of  the  vaoour 
pressures  of  a  number  of  pure  metals  and  their  alloys .  The  torsion-effusion 
technique  has  been  employed  and  its  applicability  -to  alloy  studies  has  been 
demonstrated.  New  vapour  pressure  measurements  have  been  made  on  solid 
cadmium  (43C  -  5'/0°K),  liquid  bismuth  (320  -  1010°K)  and  liquid  thallium 
(78O  -  920  K)  and  the  results  are  assessed  and  compared  with  those  of  other 
workers.  Bismuth  vapour  pressur( s  have  been  measured  over  a  wide  range  of 
liquid  silver-bismuth  alloys  and  the  results  used  to  uomoute  the  thermodynamic 
properties  of  the  system  at  1000°K.  The  rather  unusual  characteristics  of 
these  are  discussed  and  it  is  suggested  that  they  are  attributable  to  the 
change  of  bonding  and  co-ordination  of  bismuth  on  alloying.  A  similar 
evaluation  of  the  thermodynamic  properties  of -liquid  ailver-lead  alloys  is 
also  presented  and  discussed.  Preliminary  measurements  on  solid  and  liquid 
silver-thallium  alloys  are  described. 
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1.  Introduc  tion. 

Interact  in  the  thermodynamic  properties  of  alloys  and  their 
relation  tp  the  character  oj  the  components  has  stimulated  experimental  work 
in  this  field.  The  desire  to  corrclTtto  experimental  heats  of  formation  with 
proposed  theoretic models  has  resulted  in  a  r*ocent  emphasis  on  accurate 
calorimetric  studies,  since  these  yield  more  reliable  v-  Lues  than  are  normally 
obtainable  using  temperature  coefficients  of  equilibrium  measurements .  However, 
there  remains  considerable  scope  for  equilibrium  studies,  for  the  free  energies 
of  formation  of  few  systems  are  thoroughly  established.  iVhile  these  are  of 
direct  significance  in  relation  to  alloy  equilibria,  the  entropies  of 
formation  obtainable  by  combining  them  with  calorimetric  data,  or  from  their 
temperature  coefficients,  are,  like  heats  of  formation,  of  great  fundamental 
interest.  As  part  of  a  programme  of  such  studios,  vapour  pressure  measurements 
are  being  made  over  various  alloy  systems.  For  the  derivation  of  the  thor.nodyrm- 
mic  properties  of  the  alloys  by  this  means,  an  accurate  knowledge  of  the  absolute 
vapour  pressures  of  the  pure  volatile  components  is  essential.  Since  the 
vapour  pressure  data  for  many  metals  arc  sparse  or  contradictory,  an 
experimental  re-examination  of  the  pure  component  is  often  a  necessary 
preliminary  to  work  on  the  alloys.  The  present  report  summarises  the  results 
of  such  experimental  work  on  four  pure  metals  and  three  binary  alloy  systems. 
While  a  few  measurements  have  been  made  using  -an  elementary  Knudsen  method,  the 
major  part  of  the  work  was  done  using  the  torsion-effusion  method.  This  method 
has  the  advantage  of  giving  a  direct,  unambiguous  measure  of  the  pressure, 
independent  of  the  atomicity  of  the  vanour,  which  is  itself  a  variable  with 
some  of  the  components  studied. 

2 .  Experimental . 


A  detailed  description  of  the  apparatus  and  a  discussion  of 
the  technique  has  been  published  elsewhere  ^ ;  a  brief  account  will  suffice 
hose.  Spec’ mens,  are  enclosed  within  a  graphite  effusion  coll  suspended, 

I  aside  a  vertical  vacuum  chamber,  from  a  fine  tungsten  wire.  The  cell  is 
rnvided  with  two  similar  orifices,  which  arc  so  disposed  that  the  effusing 
vapour  causes  “  rotation  of  the  cell  about  the  ;  xis  of  suspension.  fhe 
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where  C'  is  the  vapour  pressure ,  J  the;  torsion  constant  of 
i 

the  suspension,  a  the  angle  of  deflexion,  a  and  a.,  the  orifice  areas  and 
.  nd  q  their  respective-  distances  from  the  axis  of  rotation.  The  factors  ft 

r 

and  j'z  correct  for  the  reduction  ir.  effective  force  of  tho  effusing  vapour 

2 

caused  by  the  finite  lengths  of  the  orifices .  T-'reemnn  and  '..'euroy  have  shorn 

L  , 

that  for  orifice  dimensions  in  the  range  0  <  —  <  2  (wnere  L  and  r  are 

the  orifice  length  nd  radius  respectively),  values  of  t  can  be  satisfactorily 
obtained  from  the  equation: 

J4  ~  0.0147  (  ~  )2  +  0.349  (  7  )  +  0.9982. 

This  relation  has  been  used  in  tho  present  calculations.  Measurements  were 
made  on  r.pectroscopical  pure  materials.  frtierc  solid  specimens  v/ere  studied 
these  were  used  in  finely  divided  form.  Alloys  were  prepared  directly  from 
tho  component  metals.  The  appropriate  amounts  of  tho  pure  metals  were  sealed 
together  in  silica  capsules  under  a  lov;  pressure  of  purified  argon.  They 
were  then  molted  by  placing  the  capsules  in  a  simple  resistance  furnace.  The 
alloys  were  maintained  In  the  molten  state  for  annroximntely  one  hour, 
shaken  vigourously  several  times  to  ensure  mixing  and  finally  quenched  into 
cold  water.  Small  pieces  were  cut  from  the  resulting  homogeneous  ingots  and, 
after  carefully  cleaning  and  drying,  loaded  into  the  effusion  cell.  Chemical 
analyses  were  made  of  samples  of  the  original  ingots  and  •also  of  material 
taken  from  the  effusion  cell  after  the  experiment;  it  >»«  found  that  composition 
changes  during  the  run  were  insignificant .  This  was  achieved  by  keeping  the 
duration  of  individual  runs  short  nd  by  us"  ng  alloy  s.-.mples  of  about  10  grams. 

.  Treatment  of  Results. 
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observed  vapour  pressures  generally  approximated  to  the 
relationr-hlo  and  .arc ,  therefore,  expressed  by  equations 
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In  the  c  :;e  of  Oak.  pure  no bal s; ;  as  i  chuck  on  their  conn Lc oonoy ,  -..ver; igu  values 

o 

for  the  at.;!. -1‘: ril  heat  of  ’.u'n]  iia’  tion,  O  is  . ,  have  also  !  calculated  from 
the  various  ex;....  r  i.rr.o  j  i  c  *.  I  results  using  the  Third  ba\;  me  thod  ,  the  relevant 

i 

thermodynamic  d-  ta  bein  ’  taken  from  £ tul  1  ar.d  tJinko . " 

"or  tiie  .alloys,  the  results  have  been  used  to  compute  the 

thermodynamic  properties  of  the  liquid  phase  at  10C  j°K.  Activities  and  r-art ini. 

free  energies  of  solution  o*'  the  volatile  component  have  been  calculated  directly 

from  the  observed  pressures,  using  values  for  the  pure  component  obtained  in 

.a  s ;  mi  1  ar/fcianner  ,  Oorroepondinv  values  for  the  silver  component  were 

evaluated  by  means  of  the  a  function f.  The  volatile  partials  v/ere 

oxtr.'  oolatod  smoothly  to  !! .  «=  1  for  t-iiis  puroose,  thus  the  supercooled  liquid 

Ag 

is  ;■  don  tod  as  the  standard  state  for  the  silver  component .  Pir.ilar  partial 
free  energies  wore  calculated  -t  10'jC  .and  950°K  and  smoothed  values  of  these 
••rere  used  to  estimate  p.- rt.-ol  entropion  at  the  interfiled!  te  temperature  of 
1000CK.  Part'  -1  heats  of  solution  wore  then  or.  ti  ms  tod  using  the  G  ibbs-ilo  lrahol  t  s 
relationship.  Integral  values  were  obtained  by  the  usual  summation  of  parti. ala. 

4  .  Kesulta  ..nd  j;l:  cushion. 

4.1.  Solid  Cadmium. 

Measurements  were  made  of  the  vapour  pressure  of  solid 
cadmium  between  48O  and  57"°K,  including  .a  few  observations  using  the  Knudcan 
method.  The  values  obtained  with  the  two  independent  techniques  are  in  good 
agreement  with  each  other.  The  coefficients  of-  the  vapour  pressure-temperature 
equation  obtained  by  treatment  of  the  combined  results  are' given  below  in 
table  I;  together  with  the  standard  hoot  of  sublime  t  >  on .  Also  tabulated 

are  the  equivalent  values  obtained  by  similarly  treating  the  earlier  results 

S  6  'l 

of  Egor ton'  -nd  of  O'Donnell  and  the  results  of  Borg  and  Birchenall  and 

of  Nesmeyanov  and  Tl’ichcva  reported  since  the  present  work  was  begun.  All 

these  workers  used  the  .lnudr.cn  method,  -an  isotope  exchange  version  ruing 

si.v’ toyed  by  the  Huns i an  workers. 
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;>;■  t  : , , ,  :  i  :  -i  :.i  the  tin*'  '-Lul  l:i  do  the  result:  of  t:  0 


Comparison  oi'  v 

a pour  pressures  and 

’  standard  lie- 

\ti;  of 

sublimation 

of 

solid 

cadmium. 

Investi. rater 

Tornne  nature 

A 

i 3 

17 

0 

■298 

cal 

lunge  (  J! K) 

(K. 

s) 

Present  work 

430  -  364 

9.404 

6146 

26.90 

0.10 

3org  and  Eirchonall 

497  -  551 

9.241 

60r>5 

76.35 

0.05 

0 ' Donnell 

471  -  971 

9.411 

6073 

26.60 

+ 

0.10 

Sgerton 

Mecmeyanov  and 

423  -  943 

9.056 

5957 

26.95 

+ 

0.15 

11 ' ichovn 

/ 

411  -  431 

3.744 

5722 

26.54 

+ 

0.30 

'lompu nation  of  v-pour  pressures  which  should,  obtain  for  the  solid  state,  from 
the  higher  li^ui1'  vr.poui*  nressu tvs  ••tr'  the  ••  pprooriate  free  energy  functions, 

ouggCBts  th  •.  t  the  temperature  coefficient  of  the  vrpour  pressure  of  the  solid 

should  be  smeller  than  h  r.  generally  boon  found  experimentally.  Thus 

while  the  computed  values  agree  well  with  tho  present  ones  at  the  higher 

temperatures  investigated, they  indicated  th  t  pressures  should  bo  slightly 

higher  than  those  observed  t  the  lover  temperaturao 5  this  would  be  in 

accord  v;i th  the  trend  of  the  results  of  the  hues  tan  workers  and  of  O' Tonne 11 

9 

in  the  ) ovz-toraporatur'e  range.  Full  details  may  bo  found  in  v.  paper'  based 
on  this  study, 

4.2.  Liquid  bismuth. 

Sxisting  vapour  pressures  for  liquid  bismuth  were  particularly 
contradictory  and,  as  h  preliminary  to  work  on  silver-bismuth  alloys,  new 
measurements  were  made  over  the  temperature  range  320  -  1010°K  using  the 
torsion  effusion  method.  Coefficients  for  the  vapour  pressure  equation, 
yielded  by  the  present  investigation,  are  given  in  table  2,  together  with 
those  obt  irrd  by  -rMn-.ro  t.raat merit. s  of  the  results  of  other  workers. 

For  the  purrooo  of  n  n;y  ri  son ,  formal  values  of  tho  latent  heat  of 

oori cation,  calculated  .;irr>ly  from  the  temperature  coefficients  or  each  set 
results  are  also  included.  however,  no  simple  s.  cnifioanee  attaches  to  th 
■'.lues  in  view  o  '  the  vsryin-'  to  icity  of  the  bismuth  vapour. 
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paid  bismuth. 

I  r.ves  tiy-ator . 

Lcmpcr.al.U7-o 

A 

B 

IV  h” 

range  (^K) 

(K.oal ) 

Are tent  work 

of 2  -  ini 

3.r)7'd 

10,108 

46 .2 

„  10 

.-Co 

HOC  -  1220 

S.  9  ?2 

10,230 

46.81 

.11 

o-ber  and  Kir  son 

776  -  9U 

7.919 

9,709 

44.4 

iosiyarr-.a1  " 

-’13  -  97 1 

3.514 

U 0,122 

46.3 

Granovskaya  .. 
and  ’.yuoi’.nov  ” 

743  -  97? 

7.709 

8,522 

39.0 

O’Donnell14 

632  -  771 

9.390 

1  0  r.r.r. 

1  ■  1  J  ' 

48.0 

ri'o  .present  ror-ul la  oxtr-ipoluto  to  -»ivo  rood  ajr&asiont  with  those 
1  r  16 

reported  by  Ko,  in  rus  '  ,  and  liuff  >••«•••  Bergdahl  ,  they  uro  slightly  higher 
than  those  obtained  by  Yoc iynnn,  up..n£;  the  same  technique,  but  remain  low.,  r  than 
the  valuer-  of  O’ Donne1 1  and  d'  not  substr-nti-to  the  extremely  high  values 
reported  l».vy : p-'*novf>teny  ••  -nd  i.ynMrv’V. 

i!y  combining  the  torsion-effusion  results  with  the  results  of 
Knudsen  KcasBroinents  at  similar  temper  cures,  :.n  estimate  was  made  of  the 
proportions  of  the  two  species  ,.-i  uni  Bi.,  present  in  the  vapour.  Application 
of  the-  third!  law  treatment  yields  the  following-  heats  of  vaporisation. 


:>  -•  /  7  •  ..  1 

*•  J-U*  ) 

“  ID  X  ^  V  ct  0  J 

.  „• 

'-'r‘  298 

=  50 

.18 

+_  0.92  K, 

.  cal/g.ntom 

3i  (  li'i .  ) 

=  &  Bi?  (”ab) 

'•  298 

=  26 

.36 

+_  0.35  K. 

,  cal/g.  itorr. 

Those  values,  and  the  implied  dissociation  energy  for  3i,,  of  47*5 

17 

K.cal . ,  are  in  good  agreement  with  values  selected  by  3r?ckett  and  Brewer  on 
'.he  basis  of  a  similar  re-evaluation  of  the  data  of  Ko,  end  Yosiyama. 

4_.  3^  Lieu  id  Si  Ivsr-dismuth  Alloys 

fieaturonents  ware  made  on  14  alloys  ranging  in  composition 
from  IOC  -  B4  atomic  p^r  cent  bismuth  and  at  tempo  natures  between  9C'C  and  IO7O  K. 
The  vapour  pressure  equation  coefficients  for  each  of  these  alloys,  obtained 
from  the  experiment .-.J.  results  in  the  usual  are  cum-.-.x-iaed  below  in  t.-  bio 

These  results  have  been  evaluated  in  the  in. inner  outlined  in  section'  and 
parti  ".1  and  integral  thermodynamic  quantities  obtained  are  assembled  in 
; .  4. 
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H.-.ther  utiucUi  1  ch»r-.ctcrictiop  ••r- j  indicated.  I'ho  ••cstivit  lot 
of  bismuth  deviate  nor  it i  .-o  ly  iron  ideal  behaviour  in  the  bis;  nut  a -rich  alloy:.;,  th 


aviation  n" 
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to  r.e'.'r;  : t  rep: 

•ox invito !  y  the  o^ui atomic  composition 
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Ch-Jilutu  '  1  Toy: 

fiber.  Duher;:  integration  yields 

•  l-’cr  sts 

tij  h cr.ri  n r  *  r.v : 

:•  i  '.*2  deviations 

from  ijerllty  over  the  whole 

composition  a'-ngc.  she  s-orruapondiiv  deviations  7pp.„..r  in  th .  excess 

'-tied  frees  jiic  r,":i  o.  .  •  ti-ir  the. a.  gi  vc  ri..o  to  j  r.  to.’;  1.  excess  free  energies  vMc’.i 

ere  noy .'.tiv-i  throughout  and  which  -re  asymmetric  in  form,  with  the  trough 
-  ;  -r, laced  to  or.  ti,4  -  0.75. 

The  entropies  ore  hlno  unusual.  The  part ill  excess  entropies.; 
o!  solution  of  in.r'i  ;'o;:r)orient  ore  positive  ..'hero  it  is  present  in  high 
concentration  end  shov.  .nil. i  an  :.t  o;. .  30  tonic  rtr  cent  in  e.-Ch  cs.se.  The 
minimum  is  t  .  .3  tonic  per  cent  for  bismuth  end  since  the  v.lues  for  this 
.•orvpouent  .re  the  one  out.  nod  directly  from  experiment  they  ;-.re  likely  to  be 
the  more  ;h  gnif  leant .  she  resultin'  oxee..::  integral  entropies;  of  foraition 

re  p'1.  ;  t  i  v...  S',  either  end  of  the  s.y  ton,  but  oxhibi ;  1  no.gativo  minimum  in 

,  sentrul  v  :  i  •  .  .  . 

.'ho  heat  Viluo.  .-.re  o-’  oisilrr  f  cir. to  the  entropioo,  but  there 
re  likely  to  V._  th  -  !■  .  1.  :rur-s ;  e  .U.vtii  ties  Cot.'  inod  hy  the  present  method. 

.he  rtis.1  he-:.:.;.  if  bi;  muck  "svo  001:  i  s,  i.vc>  •  t  Irish  birvnith  •>■>•-.  .  . 
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rapidly  b  n-  '-'t-iv'.  ;■  more  ilv--r'  is  added  .7..  V..ine:i  pa..:;  through  \ 

r.iir:  ■  :’.u~  at  I,.  .  -•  P.I..  but  r.j:  i  in  n  ■  ti  :-j  inf ini  to  di  lution.  "or  silver 
;>•  rfcial  he. its  oi'  solution  are  =■. pproxima te  Ly  aero  -t  h  L  <;h  cilvuj  uonsontr  .  t  ion.:, 
they  become  n- gutive  r-c  tin.  bicmulh  content  incro  '.see,  pa;  sing  through  ■-  minimum 

t  on.  30  atomic  nor  cent  si  Ivor  and  finally  abT>w  nositivo  values  in  tho  bits.su  en¬ 
rich  .Hoys.  Th  .  rose1  ting  intofjrul  h«ats  of  formation  h-  vo  slightly 
oositivo  values  in  bissiuth-rjcU  alloys  but  a.ro  negative  over  tho  majority  of  tho 
o opposition  range  v.mth  a  minimum  value  of  ca.  -  "JOG  •■"l./g.  -.torn  on.  45  atonic 
per  cent  bismuth. 

Little  thurmo dynamic  work  has  boon  previously  done  on  this  cyston 
and  none  it  directly  comparable  with  tho  present  results.  Two  calorimetric 
studios  have  boon  made  of  the  liquid  alloys  .and  tho  results  of  these  are  not  in 

accord  -i ta  the  present  values,  since  they  chow  only  positive  heats  of  formations. 

•  c  1 S 

iirect  mixing  calorimetry  at  132.1  K  by  Kaviaknni  given  values  rising  to  a 

'.i£-::imu:n  of  ca.  1  IC.c-.l  t  the  oeui atomic  ooraoosi tion,  but  his  values  have  ir. 

the  cast  often  boon  shown  to  bo  inaccurate.  Unfortun  ■  toly ,  the  generally  more 

reliable  tin-solution  c-.lorinetry  of  hleppa'’  has  onf  been  s.opiiod  to  alloy  a 

between  0  -  305#  silver  and  at  72 ''K.  While  this  indicates  more  positive 

values  in  this  range  th-ci  found  in  the  present  work,  it  is  noteworthy  that,  if 

the  reported  v-luo-s  arc  converted  to  the  present  standard  state-  of  supercooled 

liquid  silver,  constant  valuer,  ere  obtained  for  tho  three  .alloys  richest  in 

silver,  which  suggests  the  existence  of  a  maximum  and  a  fall  to  loss  positive 

values  c-t  Xighor  silver  concentration.  Since  the  heat  values  obtained 

calor 1  metrically  should  be  tho  more  accurate,  it  would  appear  that  the  orosent 

heats  are  too  negative,  nevertheless  it  is  considered  that  che  observed  trends 

are  qualitatively  substantiated.  The  forms  of  the  observed  thermodynamic  proper¬ 


ties  are  characteristic  of  systems  involving  opposing  factors.  They  are  consis¬ 
tent  with  tho  existence  of  positive  excess  contributions  throughout  th--  ays  tom.; 


'V  T'V>,,i  vw.-.H 


nga  of  intermediate  compositions  by 


a. t-  i  Vo  '■'nnt.i-’-M.ion;;,  A  ..yntyi,  such  at;  this,  ■/’>  th  ••  largo  niBu  nd 
■  lon«gy  difference  bet.ain  bo  oomononts  generally  exhibits  positive  he-'ts  of 


;r  but  .-.bio  to  misfit  .--nergi  os: .  Also  the  mixing  of  such  atoms  will 


.  - o  in  -urn  will  :&■  he  -  •  tive  contribution-  to 
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4.4.  Liquid  Silver-Load  Alloys. 

oimii  t  experimental  studios  to  those  described  abovo  were  made 

earlier  on  eight  :  liver-led  loyc.  t< imul t nnoous ly  now  measurements  wore  also 

made  of  t!io  vapour  protisuro  of  liquid  load  between  880  and  1050°K.  Those  results 

2\ 

h  v'y  me  been  ev  ■ luo  ted  :rns  it  v>  tax  Is  m-’ty  be  found  in  a  recent  publication  .  Tho 

i. ho  needy na:iri c  proportion  obta  ined  for  tho  silver-lead  alloys  are  summarised  in 

/ 

table  b  of  tho  'runout  report  for  comparison  with  those  of  silver-bismuth. 

Is  Will  be  soon  that  they  are  of  much  simpler  form  than  those  of 
the  latter  r.y.-.tom.  both  components  show  ooaitlvo  deviations  from  ^--.oultian 
behaviour  :>t  all  compositions  and  the  system  is  characterised  throughout  by 
tive  heats  and  excess  entropies  of  formation.  Oonpurioon  of  the  present 
enthalpy  v.ilues  with  those  for  other  temperatures  obtained  by  other  workers  suggests 
that  these  liquid  alloys  must  exhibit  anomalously  large  positive  deviations  from 
oumann-Ko  op  behaviour.  The  observed  positive  heats  of  formation  may  .--gain  be 
partly  due  to  a  misfit  energy  arising  from  the  largo  atom  size  disparity  of 
the  components.  Also,  as  before,  tho  mixing  of  stores  of  differing  size  and 
valency  may  be  expected,  through  the  influence  on  the  vibrational  frequency,  to 
result  in  positive  excess  specific  heats,  positive  contributions  to  tho  enthalpies 
and  tho  excess  entropies.  since  the  bonding  of  load  is  -.Iso  probably  somewhat 
covalent  in  character,  it  is  possible  that  ns  with  bismuth,  positive  contributions 
could  again  partly  arise  from  tho  dissociation  on  alloying  of  any  covalent  clusters 
persisting  in  liquid  load;  results  for  other  lead  alloys  support  this  idea  and 
the  partial  properties  of  lead  as  o  solvent  are,  in  many  cases,  consistent  with 
the  view  that  such  dissociation  is  accelerated  as  the  valency  and  ionic  size  of 
tho  solute  become  increasingly  different  from  those  of  tho  solvent.  The 
negative  influonoos  proposed  in  provicus  system  v/ould  not  be  expected  in  the 
silver  lend  "Hoys;  load,  t'.c.c,  in  no  Lid  otnto,  will  exhibit  a  nimiiar 
close-packing  in  tho  liquid  form,  so  that  co-ordination  changes  on  mixing  are 
likely  to  be  of  minor  significance. 

4-5 •  Thallium  and  Silver-Thallium  Alloys. 

Work  has  begun  on  a  comparable  study  of  tho  similar  system, 
nilvor-thallium.  As  a  preliminary  to  work  on  those  alloys,  tho  vapour 
pressure  d*  puro  liquid  thallium  has  first  boon  measured.  Observations  have 
boon  mado  at  tamporatures  botwoon  ”80  and  920°K.  Tho  results  have  been 
■jated  by  tho  method  of  least  squares  and  may  be  expressed  satisfactorily  by 
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both  the  solid  and  liquid  phases.  me  indicated  partial  entropies  of  thallium 

arc  also  non-ideal ,  hut  the  values  arc  extremely  scattered  and  no  significance 

can  he  attached  to  them  at  present;  this  uncertainty  is  similarly  reflected  in 

!ho  partial  heats.  Further  wor's'  is  necessary  before  a  full  thermodynamic 
of  the  results  is  .iustified. 
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